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Deep earthquakesa b s t r a c t
We review recent ﬁndings on the causal mechanism of the great 2011 Tohoku earthquake (Mw 9.0)
sequence and related issues on seismic structure and subduction dynamics in Western Paciﬁc and East
Asia. High-resolution tomography revealed signiﬁcant lateral heterogeneities in the interplate mega-
thrust zone beneath the Tohoku, South Kuril and Southwest Japan forearc regions. Large megathrust
earthquakes since 1900 generally occurred in or around high-velocity (high-V) patches in the megathrust
zone, which may reﬂect asperities resulting from subducted seamounts, oceanic ridges and other topo-
graphic highs on the Paciﬁc seaﬂoor. In contrast, low-velocity (low-V) patches in the megathrust zone
may contain more sediments and ﬂuids, where the subducting oceanic plate and the overlying continen-
tal plate are less coupled or even decoupled. The nucleation of large crustal earthquakes in the Japan
Islands, including the 11 April 2011 Iwaki earthquake (M 7.0) in SE Tohoku, is affected by arc magma
and ﬂuids resulting from slab dehydration. The Philippine Sea plate has subducted aseismically down
to 430–460 km depth under East China Sea, Tsushima Strait and Japan Sea. A window in the aseismic
Philippine Sea slab is detected, which may be caused by splitting of weak parts of the slab at the subduct-
ed ridges (e.g., Kyushu-Paula ridge) and hot upwelling in the mantle wedge above the Paciﬁc slab. The
intraplate volcanism in Northeast Asia is caused by hot and wet upwelling ﬂows in the big mantle wedge
above the stagnant Paciﬁc slab in the mantle transition zone. Frequent generation of large deep earth-
quakes (>500 km depth) in the Paciﬁc slab may supply additional ﬂuids preserved in the slab to the man-
tle wedge under the Changbai volcano, making Changbai the largest and most active intraplate volcano in
Northeast Asia. Fluids may be involved in nucleation and rupture processes of all types of earthquakes.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
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The great 2011 Tohoku-oki earthquake (Mw 9.0) sequence
wrote a new chapter of active seismotectonics and subduction
dynamics in the Western Paciﬁc and East Asian region. This earth-
quake sequence, taking place in the Northeast Japan (Tohoku) fore-
arc area (Figs. 1 and 2), started with a foreshock (M 7.3) at local
time 11:45 on 9 March 2011 (Shao et al., 2011; Huang and Zhao,
2013a). Its main shock (Mw 9.0) occurred at 14:46 on 11 March,
which was followed by two big aftershocks at 15:08 off Iwate (M
7.4) and at 15:15 off Ibaraki (M 7.7) on the same day (Fig. 2). All
of the four big events had megathrust mechanisms, which were
caused by sudden ruptures of the boundary between the subduct-
ing Paciﬁc plate and the overlying Okhotsk plate beneath the
Tohoku forearc. About 40 min after the main shock, a big outer-rise
event (M 7.5) took place at 15:25 with a normal-faulting mecha-
nism (Fig. 2). On April 7, a big intraslab earthquake (M 7.1)
occurred within the subducting Paciﬁc plate with a focal depth of
70 km and a normal-faulting mechanism. On April 11, one month
after the main shock, the Iwaki earthquake (M 7.0) took place at
8 km depth in the upper crust of the Okhotsk plate beneath SE
Tohoku, which was caused by rupture of the Idosawa normal fault.
Four months after the main shock, on 10 July another megathrust
aftershock (M 7.3) occurred in the middle between the Japan
Trench and the main shock hypocenter (Fig. 2). To date, more than
100 aftershocks with MP 6.0 and tens of thousands of smaller
events have occurred in the Tohoku forearc region (e.g., Huangig. 1. (a) Distribution of seismic stations on the Japan Islands. (b) Distribution of earthqu
ows the focal depth; its scale is shown at the bottom. (For interpretation of the refere
ticle.)and Zhao, 2013a). The overall level of seismicity in the Japan
Islands has increased signiﬁcantly soon after the Mw 9.0 main
shock (e.g., Okada et al., 2011).
The Japanese Islands are part of the Western Paciﬁc trench –
arc–back-arc system, forming a typical subduction zone (Fig. 1).
At least four lithospheric plates exist in and around this region
and they are strongly interacting with each other. The Paciﬁc plate
is subducting beneath Hokkaido and eastern Honshu at the Kuril
and Japan trenches at a rate of 7–10 cm/year (Bird, 2003). The Phil-
ippine Sea plate is descending beneath Central and SW Japan at the
Sagami and Nankai troughs at a rate of 4–5 cm/year. Hokkaido and
Tohoku belong to the Okhotsk plate, whereas SW Japan belongs to
the Eurasian (or Amur) plate (e.g., Seno et al., 1996; Bird, 2003).
Because of the strong interactions of the four lithospheric plates,
seismicity is very active in this region (Fig. 1b). Approximately
10,000 earthquakes (MP 1.5) take place every month in and
around Japan, which have been recorded by the dense and high-
sensitivity seismic networks on the Japan Islands (Fig. 1a). Because
of the high level of seismicity and availability of the dense and
high-sensitivity seismic networks (Fig. 1a) operated by the Japan
Meteorological Agency (JMA), the Japanese national universities,
and the National Research Institute for Earth Science and Disaster
Prevention (Okada et al., 2004), a great amount of high-quality
seismic data have been accumulated for a long time and they have
been used to study seismotectonics and the three-dimensional (3-
D) seismic structure of the crust and upper mantle of the Japan
subduction zone. These studies have been made continuously inakes in and around the Japan Islands during June 2006 to September 2010. The color
nces to colour in this ﬁgure legend, the reader is referred to the web version of this
Fig. 2. Map showing epicentral locations of 101 large Tohoku-oki earthquakes (JMA
magnitudeP 6.0) during 9 March to 31 December 2011 (Huang and Zhao, 2013a).
The red stars denote the events with MP 7.0: (A) local time 11:45, 9 March (M
7.3); (B) 14:46, 11 March (M 9.0); (C) 15:08, 11 March (M 7.4); (D) 15:15, 11 March
(M 7.7); (E) 15:25, 11 March (M 7.5); (F) 23:32, 7 April (M 7.1); (G) 17:16, 11 April
(M 7.0); (H) 9:57, 10 July (M 7.3). The open circles show the events with
7.0 > MP 6.0. The circle-cross symbols denote seven events which occurred after 9
March but before the M 9.0 main shock. The blue squares show the seismic stations
used to relocate these events. The red triangles show active arc volcanoes. The solid
and dotted contour lines show the depths to the upper boundary of the subducting
Paciﬁc slab. The thick solid curve denotes the Japan Trench. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Japan Islands the best-studied subduction zone in the world (for
details, see the reviews by Hasegawa et al., 2009; Zhao, 2012).
During the past three years, many researchers have studied
focal mechanisms and rupture processes of the large Tohoku-oki
earthquakes (see reviews by Koketsu et al., 2011; Lay et al.,
2012; Tajima et al., 2013, and many related publications such as
those in two special issues of Earth Planets Space, http://
www.earth-planets-space.com/). At the same time, many high-
resolution tomographic studies have been made to investigate the
detailed 3-D structure of the crust and upper mantle in the source
zone of the Tohoku-oki earthquakes and surrounding regions,
which have provided important new insights into the nucleation
mechanism of the interplate and intraplate earthquakes, arc and
back-arc magmatism, and subduction dynamics in Western Paciﬁc
and East Asia. In this article, we review the new ﬁndings obtainedby these tomographic studies and discuss their seismotectonic and
geodynamic implications.2. Tohoku arc and 2011 megathrust earthquakes
Earthquakes in the crust and in the subducting Paciﬁc and Phil-
ippine Sea slabs under the Japan land areas can be located precisely
because they occurred directly beneath the dense seismic net-
works (Fig. 1a). In contrast, earthquakes under the Paciﬁc Ocean
and Japan Sea (Fig. 1b) take place outside the seismic network,
hence they have poor hypocenter locations because only ﬁrst
P- and S-wave arrival times are used in the routine earthquake loca-
tion by the seismic network (e.g., Okada et al., 2004; Zhao, 2012).
Precise hypocenter locations are important in all branches of seis-
mology for estimating focal mechanism solutions, rupture process
on a fault plane, strong ground motions in the source area, crustal
and upper-mantle structure, and so on. Among the four hypocentral
parameters (i.e., latitude, longitude, focal depth, and origin time),
the focal depth is usually harder to determine for the events outside
a seismic network. To locate earthquakes accurately, seismologists
have used the so-called depth phases (e.g., pP, sP, etc.) in teleseis-
mic distances of thousands of kilometers for large or moderate-size
(M > 5.0) suboceanic events (e.g., Herrmann, 1976; Forsyth, 1982;
Engdahl and Billington, 1986). These depth phases are reﬂected
waves from the surface (or seaﬂoor) with bouncing points close
to the epicenter (Fig. 3d), hence their travel times are very sensitive
to the focal depth. Therefore, hypocentral locations of the suboce-
anic events, in particular, focal depths, can be constrained well by
using the depth-phase data. The use of a depth-phase datum in
earthquake location is just like installing a new seismic station
close to the epicenter (at the bouncing point on the Earth’s surface
or seaﬂoor) (Zhao et al., 2009a; Zhao, 2012).
In order to locate precisely the suboceanic events surrounding
NE Japan, Umino and Hasegawa (1994) and Umino et al. (1995)
detected sP depth phases in a local distance (<300 km) on short-
period seismograms of shallow earthquakes that occurred under
the Japan Sea and Paciﬁc Ocean recorded by the seismic network
in Tohoku. Figs. 3 and 4 show a few examples of seismograms in
which sP depth phases are identiﬁed. Many studies have shown
that the suboceanic events off the Japan Islands could be relocated
precisely using the sP depth-phase data, and the location accuracy
(<3 km) is comparable to that of the earthquakes beneath the seis-
mic network (Umino and Hasegawa, 1994; Umino et al., 1995;
Wang and Zhao, 2005; Gamage et al., 2009; Huang et al., 2011a;
Huang and Zhao, 2013a,b; Liu et al., 2013a,b).
Zhao et al. (2002) determined the ﬁrst P-wave tomography
beneath the Tohoku forearc from the Japan Trench to the Paciﬁc
coast using P-wave arrival times of suboceanic events that were
relocated precisely with sP depth-phase data, and suggested that
their approach is a reliable way of tomographic imaging outside
a seismic network. Later, both P- and S-wave arrival times from
the relocated suboceanic events as well as earthquakes under the
land area were used together to determine 3-D P- and S-wave
velocity (Vp, Vs) and Poisson’s ratio images under Hokkaido and
Tohoku forearc areas (Mishra et al., 2003; Wang and Zhao, 2005;
Zhao et al., 2007a, 2009a) and the back-arc area under the eastern
margin of the Japan Sea (Zhao et al., 2011a).
Huang et al. (2011a) determined detailed 3-D Vp and Vs tomog-
raphy of the entire Tohoku arc using a large number of P- and S-
wave arrival times from local earthquakes that occurred in the
crust and the subducting Paciﬁc slab from the Japan Trench to
the Japan Sea (Fig. 5). They relocated the suboceanic events pre-
cisely using P- and S-wave arrival times as well as sP depth-phase
data which were measured from the seismograms recorded by the
seismic stations on the Tohoku land area. Their 3-D velocity model
Fig. 3. (a and b) Examples of vertical-component seismograms with sP depth phases from two suboceanic earthquakes recorded by the Hi-net seismic stations (open
symbols) on Honshu Island as shown in (c). The star in (c) shows the epicenter of the 2011 Tohoku-oki earthquake (Mw 9.0). The origin time and magnitude of each
earthquake are shown above the seismograms (a and b). The station code and epicentral distance are shown on the left of each seismogram. (d) A cartoon showing the ray
paths of the sP depth phase and direct P-wave from a suboceanic event. After Huang and Zhao (2013b).
Fig. 4. An example of vertical-component seismograms of a crustal earthquake beneath the Japan Sea (Zhao et al., 2011a). Hypocenter parameters of the earthquake are
shown in (a). The station codes and epicenter distances are shown on the left (b). Clear sP depth phases are visible at 5–6 s after the ﬁrst P-wave arrivals. The epicenter (star)
and seismic stations (solid squares) are shown in (a). Solid triangles in (a) denote active arc volcanoes.
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quakes and examine the inﬂuence of structural heterogeneity in
the megathrust zone on the generation of the 2011 Tohoku-okiearthquakes (Zhao et al., 2011b; Huang and Zhao, 2013a) (Fig. 7).
The tomographic image of the Tohoku forearc is updated by adding
P- and S-wave arrival-time data of the 2011 Tohoku-oki
Fig. 5. (a) Map view and (b) east–west vertical cross-section of 3204 events under
the land area (gray crosses) and 1451 events under the Paciﬁc Ocean and the Japan
Sea (open circles) which were used for tomographic imaging by Huang et al.
(2011a). The suboceanic events were relocated precisely using sP depth phases. The
solid and dashed lines in (a) show the plate boundaries. The red star denotes the
2011 Tohoku-oki earthquake (Mw 9.0). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. Vertical cross-sections of P-wave tomography along eight proﬁles shown on th
velocities, respectively. The velocity perturbation scale is shown on the right. The hori
deployed. The solid triangles denote active volcanoes within a 30-km width of each proﬁ
phase and low-frequency microearthquakes within a 30-km width of each proﬁle, wher
proﬁle. The three curved lines denote the Conrad and Moho discontinuities and the up
inferred lower boundary of the Paciﬁc slab. The red triangles and curved lines on the inset
of the references to colour in this ﬁgure legend, the reader is referred to the web versio
30 D. Zhao / Journal of Asian Earth Sciences 98 (2015) 26–49aftershocks which were well located with sP depth phases (Huang
and Zhao, 2013b; Fig. S2), though main features of the tomography
remain the same (Fig. S3).
Liu et al. (2014) determined detailed 3-D P- and S-wave atten-
uation (Qp and Qs) tomography of the crust and upper mantle
beneath the entire Tohoku arc from the Japan Trench to the Japan
Sea coast using a large number of t⁄ data measured precisely from
P- and S-wave spectra of local shallow and intermediate-depth
earthquakes. For the suboceanic events used for the Q tomography,
they adopted the precise hypocenter parameters determined by
Huang and Zhao (2013a,b) with sP depth phases.
The pattern of the velocity tomography (Fig. 6) is generally con-
sistent with that of the attenuation tomography (Fig. 8), though the
Q model has, inevitably, a lower spatial tomography than the
velocity model (Liu et al., 2014). The subducting Paciﬁc slab is
imaged clearly as a dipping high-V and high-Q zone from the Japan
Trench to a depth of 200 km (Figs. 6 and 8). Intermediate-depth
earthquakes occur actively in the subducting Paciﬁc slab and form
a clear double seismic zone. Prominent low-V and low-Q anoma-
lies are visible in the crust and uppermost mantle beneath the
active arc volcanoes, and they extend down to 150 km depth in
the central part of the mantle wedge. The low-V and low-Q anom-
alies reﬂect the source zone of arc magmatism and volcanism,
which are produced by the joint effect of convective circulation
process in the mantle wedge and ﬂuids from the dehydration pro-
cess of the subducting Paciﬁc slab (e.g., Tatsumi, 1989; Zhao et al.,
1992; Hasegawa and Zhao, 1994; van Keken et al., 2011). Low-
frequency microearthquakes occur in the lower crust and uppermost
mantle and they are located in or around the low-V/low-Q zones
beneath the active arc volcanoes (Figs. 6 and 8 and S1), indicating
that they are associated with the ﬂuids and magmatic activity
beneath the volcanic front and back-arc area (Hasegawa and
Zhao, 1994; Nakamichi et al., 2003). Fig. S1 shows verticale inset map (Huang et al., 2011a). The red and blue colors denote slow and fast
zontal bar atop each cross-section shows the land area where seismic stations are
le. The white and red circles denote the relocated suboceanic events with sP depth
eas the white dots denote the background seismicity within a 7-km width of each
per boundary of the subducting Paciﬁc slab, whereas the dashed lines denote the
map denote active volcanoes and plate boundaries, respectively. (For interpretation
n of this article.)
D. Zhao / Journal of Asian Earth Sciences 98 (2015) 26–49 31cross-sections of Vp and Vs images along the volcanic front and the
second volcanic front along the Japan Sea coast. Continuous low-V
zones are visible in the central part of the mantle wedge under the
second volcanic front, whereas intermittent low-V zones exist
beneath each group of active volcanoes along the volcanic front
(Fig. S1), which support the hot ﬁnger model proposed by
Tamura et al. (2002).
Signiﬁcant lateral variations in seismic velocity and attenuation
are revealed in the interplate megathrust zone under the Tohoku
forearc (Figs. 7 and 9 and S3). Low-V/low-Q anomalies exist off
Sanriku, Fukushima and Ibaraki. Detailed resolution analyses indi-
cate that the main features of the tomographic images in the mega-
thrust zone are reliable (Huang and Zhao, 2013b; Liu et al., 2014).
There is a correlation between the tomography and the distribu-
tion of large earthquakes (MJMAP 6.0) that occurred after 1900,
most of which were megathrust earthquakes (Umino et al., 1990;
Usami, 2003; Yamanaka and Kikuchi, 2004; Zhao et al., 2009a,
2011b). Most of the large megathrust events are located in theFig. 7. Epicentral distribution of large earthquakes (MP 6.0) and P-wave tomog-
raphy in the megathrust zone directly above the upper boundary of the subducting
Paciﬁc slab from the Japan Trench to the 60-km depth contour of the Paciﬁc slab
(Zhao et al., 2011b; Huang and Zhao, 2013a). The red and blue colors denote low
and high velocities, respectively. The velocity perturbation scale is shown at the
bottom. A–C denote three low-velocity patches in the megathrust zone. The stars
denote megathrust earthquakes which occurred during 9 March to 31 December
2011. The open circles denote large earthquakes (MP 6.0) from 1900 to 2008, most
of which were megathrust earthquakes. The solid and dotted contour lines show
the depths to the upper boundary of the Paciﬁc slab. The thick solid curve denotes
the Japan Trench. The black triangles show active arc volcanoes. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)high-V/high-Q patches or at the boundary between the low-V/
low-Q and high-V/high-Q zones. Only a few megathrust events
occurred in the low-V/low-Q patches (Figs. 7 and 9).
The 2011 Tohoku-oki main shock and its foreshock (M 7.3) are
located in a signiﬁcant high-V/high-Q zone off Miyagi. The off-
Iwate aftershock (M 7.4) is located at the boundary between the
off-Sanriku low-V zone and a high-V zone in the north (Fig. 7).
The largest aftershock (M 7.7) is located at the northern edge of
the off-Ibaraki low-V zone (Fig. 7). Such a pattern of hypocenter
distribution for the 2011 Tohoku-oki earthquakes is quite consis-
tent with that of the large earthquakes from 1900 to 2008 (Fig. 7).
The low-V/low-Q patches in the megathrust zone (Figs. 7 and 9)
may contain more subducted sediments and ﬂuids associated with
slab dehydration than the surrounding areas (Mishra et al., 2003;
Zhao et al., 2011b; Huang and Zhao, 2013a,b; Liu et al., 2014). Thus
the subducting Paciﬁc plate and the overriding Okhotsk plate may
become weakly coupled or even decoupled in the low-V/low-Q
areas. Large-amplitude reﬂected waves from the slab boundary
were detected in a low-seismicity area under the Sanriku forearc
(Fujie et al., 2002; Ye et al., 2012), as were some slow and ultra-
slow megathrust earthquakes (Heki et al., 1997; Kawasaki et al.,
2001). Both the seismic reﬂectors and the slow megathrust events
were associated with ﬂuids at the slab boundary (Fujie et al., 2002;
Kawasaki et al., 2001), and they are all located in the off-Sanriku
low-V/low-Q zone.
In contrast, the high-V/high-Q patches in the megathrust zone
(Figs. 7 and 9) may result from subducted oceanic ridges, sea-
mounts and other topographic highs, as well as compositional vari-
ations, in the seaﬂoor of the Paciﬁc plate, and they have become
asperities where the subducting Paciﬁc plate and the overriding
Okhotsk plate are strongly coupled (Zhao et al., 2011b). Thus, tec-
tonic stress tends to accumulate at those asperities for a relatively
long time during subduction, leading to the nucleation of large and
great megathrust earthquakes there. The off-Miyagi high-V zone,
where the Tohoku-oki main shock and its largest foreshock
occurred (Fig. 7), corresponds to the area with large coseismic slips
(>30 m) during the Tohoku-oki main shock (e.g., Lay et al., 2011;
Koper et al., 2011; Shao et al., 2011; Iinuma et al., 2012)
(Fig. 10). This result indicates that the off-Miyagi high-V zone rep-
resents a large asperity or a cluster of asperities in the megathrust
zone which ruptured during the M 9.0 main shock (Zhao et al.,
2011b).
The seismic velocity and Q tomographic images of the mega-
thrust zone and their correlation with the distribution of mega-
thrust earthquakes (Figs. 7 and 9) suggest varying degrees of
interplate seismic coupling from north to south in the Tohoku fore-
arc, which may control the nucleation of megathrust earthquakes.
The great 2011 Tohoku-oki earthquake sequence may be related to
such a process. Differences in the interplate seismic coupling could
result from variations in the frictional behavior of materials (e.g.,
Pacheco et al., 1993; Heki et al., 1997; Kato and Hirasawa, 1997;
Miura et al., 2003; Lay et al., 2012; Romano et al., 2014). The veloc-
ity and Q variations in the megathrust zone may be a manifestation
of such variations in the frictional behavior. The pattern of velocity
tomography (Fig. 7) is also consistent with the results of multi-
channel seismic surveys which revealed along-arc variations of int-
erplate sediments at the Japan Trench (Tsuru et al., 2002; Fujie
et al., 2013a). The sediments near the trench axis are very thick
off Sanriku, very thin or none off Miyagi, and moderately thick
but extend for a wide range in the forearc off Fukushima and
Ibaraki (Fig. S4).
These results suggest that the structural heterogeneity in the
megathrust zone may control the interplate seismic coupling
and the nucleation of megathrust earthquakes. If this is true and
if the structural heterogeneity mainly results from the structure
of the upper boundary of the subducting Paciﬁc plate, then it has
Fig. 8. Vertical cross-sections of S-wave attenuation tomography along the proﬁles as shown on the inset map (Liu et al., 2014). The surface topography and the land area (the
black horizontal bar) along each proﬁle are shown atop each cross-section. The red triangles denote active arc volcanoes within a 20-kmwidth of each proﬁle. The background
seismicity and low-frequency microearthquakes that occurred within a 20-km width of each proﬁle are shown in white crosses and red dots, respectively. The white dots
denote the earthquakes within a 20-km width of each proﬁle, which were used in the tomographic inversion. The three curved lines show the Conrad and Moho
discontinuities and the upper boundary of the Paciﬁc slab, whereas the dotted lines denote the inferred lower boundary of the Paciﬁc slab. The red star denotes the 2011
Tohoku-oki earthquake (Mw 9.0). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 9. (a) P and (b) S wave attenuation (Q) tomography of the Tohoku megathrust zone (Liu et al., 2014). The black stars denote megathrust earthquakes (MP 7.0) during
January 1900 to February 2011, whereas the red stars denote megathrust events (MP 7.0) during March 2011 to December 2013. The earthquake magnitude and Q
perturbation scales are shown at the bottom. The black triangles denote active arc volcanoes. The sawtooth line indicates the Japan Trench. The dashed lines show the depth
contours to the upper boundary of the subducting Paciﬁc slab. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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Fig. 10. Comparison of P-wave attenuation (Qp) tomography of the Tohoku
megathrust zone with coseismic slip distributions of the M 7.3 foreshock (black
contours with interval of 0.5 m) (Ohta et al., 2012), the Mw 9.0 main shock (blue
contours with interval of 10 m) (Iinuma et al., 2012), and two large aftershocks (M
7.4 and 7.7) on 11 March 2011 (pink contours with interval of 0.2 m and 1.26 m,
respectively) (Munekane, 2012; Kubo et al., 2013). The red contours (with interval
of 1 m) denote the afterslip distribution from 2 March to 12 October 2011 (Ozawa
et al., 2012). The other labeling is the same as that in Fig. 9. After Liu et al. (2014).
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
D. Zhao / Journal of Asian Earth Sciences 98 (2015) 26–49 33an important implication that the distribution pattern of the mega-
thrust earthquakes (Fig. 7) will remain the same in the coming
10,000 years. The subduction rate of the Paciﬁc plate is 7–10 cm/
year at the Japan Trench (Bird, 2003), hence the Paciﬁc slab
beneath the Tohoku arc would move less than 1 km in the
10,000 years from now.3. Forearc crustal earthquakes and water wall
The Iwaki earthquake (M 7.0) on 11 April 2011 was one of the
major aftershocks following the Tohoku-oki main shock and the
strongest one hit the Japan land area (Figs. 11 and S5). This large
crustal earthquake occurred at a depth of 8.0 km and was located
200 km southwest of the Tohoku-oki main shock. It was caused
by normal faulting with some strike-slip component along the
Idosawa fault (Fig. S5). About 11-km long coseismic surface rup-
ture was recognized along the Idosawa fault, which was a surface
manifestation of the fault reactivation associated with the event
(Kato et al., 2013). This normal-faulting crustal earthquake is in
contrast to the compressional stress regime in Tohoku and may
reﬂect enhanced extensional stress in the overriding plate induced
by the Tohoku-oki main shock (Asano et al., 2011). The variations
in stress ﬁeld give rise to high seismicity in the Iwaki source area
(Tong et al., 2012). The disabled Fukushima nuclear power plant
(FNPP) suffered major damage from the Tohoku-oki earthquakeand the subsequent tsunami, which is located only 60 km north-
east of Iwaki (Fig. 11).
Tong et al. (2012) determined high-resolution Vp and Vs
tomography of the crust and upper mantle beneath the Iwaki
and FNPP area using a large number of P- and S-wave arrival-time
data from local shallow and intermediate-depth earthquakes
which occurred from June 2002 to October 2011. They revealed
signiﬁcant low-V and high Poisson’s ratio (high-r) anomalies in
the crust and upper mantle beneath the Iwaki source zone. The
Paciﬁc slab is imaged as a high-V zone, and prominent low-V
anomalies are revealed in the crust and mantle wedge under the
active Nasu and Azuma volcanoes (Fig. 11), similar to the whole-
Tohoku model (Fig. 6). Under the Iwaki hypocenter, a low-V zone
is visible in the lower crust and mantle wedge and it extends down
to the subducting Paciﬁc slab (Fig. 11a). A thin, vertical low-V
anomaly is revealed in the lower crust and upper mantle beneath
the Futaba fault which is located 6 km west of FNPP, and the
anomaly is connected with the Paciﬁc slab (Fig. 11b and d). These
features have been conﬁrmed by detailed resolution analyses and
synthetic tests (Tong et al., 2012).
The temperature is low under the forearc area as compared
with that under the volcanic front and the back-arc area, hence
magma cannot be produced and so no volcano exists in the forearc
(see Fig. 2 on the distribution of active arc volcanoes in Tohoku).
Because the Iwaki earthquake occurred in the Tohoku forearc and
70 km away from the volcanic front (Figs. 11 and S5), the low-
V and high-r anomaly beneath the Iwaki hypocenter may reﬂect
ﬂuids that affected the rupture nucleation, similar to the seismo-
genic process in the source zone of the 1995 Kobe earthquake
which occurred in the SW Japan forearc (Zhao et al., 1996, 2010;
Salah and Zhao, 2003; Tong et al., 2011). As the Paciﬁc plate sub-
ducts, the temperature and pressure in the subducting slab gradu-
ally increase, causing hydrated minerals within the slab to undergo
dehydration decomposition. This process generates aqueous ﬂuids
which are less dense than the surrounding rock and so can migrate
upward to the overlying crust. When the ﬂuids enter an active fault
(such as the Idosawa fault) in the crust, fault-zone frictions will be
reduced. This process, together with the exertion of horizontally
extensional stress regime induced by the Tohoku-oki main shock,
resulted in reactivation of the Idosawa normal fault, leading to
the 2011 Iwaki earthquake and its aftershocks (Tong et al., 2012).
Previous studies have already found that crustal ﬂuids were
involved in several large crustal earthquakes in the Japan Islands
(e.g., Wang and Zhao, 2006a,b; Xia et al., 2008a; Zhao et al.,
2010; Cheng et al., 2011; Padhy et al., 2011; Wei and Zhao, 2013).
Similar to the Idosawa fault, the active Futaba fault near FNPP is
also underlain by a signiﬁcant low-V and high-r anomaly (Fig. 11b
and d). Based on the above discussion, the anomaly under Futaba
may be also associated with the ascending ﬂuids from the subduct-
ing Paciﬁc slab. The ascending ﬂuids may be able to enter the Futa-
ba fault and trigger a large crustal earthquake in the future, just
like the 2011 Iwaki earthquake. Therefore much attention should
be paid to the seismic safety in and around the FNPP site from
now. Tong et al. (2012) also conducted separate tomographic
inversions using data from events which occurred before 11 March
2011 and those after that date. Their results (Fig. S6) show that the
tomographic images are generally similar to each other, indicating
that the low-V and high-r anomalies under the Idosawa and Futa-
ba faults had already existed before the great 2011 Tohoku-oki
earthquake.
Zhao et al. (2015) presented detailed Vp, Vs and Poisson’s ratio
(r) images in source areas of 26 large crustal earthquakes (M 6.0–
7.2) which occurred in Tohoku during 120 years from 1894 to
2014. Prominent low-V and high-r anomalies are revealed in the
crust and mantle wedge under the source areas. Beneath the volca-
nic front and back-arc areas, the low-V and high-r zones reﬂect
Fig. 11. Vertical cross-sections of (a and b) P-wave and (c and d) S-wave velocity images along the proﬁles AB and CD as shown on the inset map (modiﬁed from Tong et al.,
2012). The small white dots denote seismicity during 3 June 2002 to 27 October 2011, which are located within a 20-km width of each proﬁle. The purple star and square
symbols denote the 2011 Iwaki earthquake (M 7.0) and the Fukushima nuclear power plant (FNPP), respectively. The red triangles represent active arc volcanoes. The three
dashed lines denote the Conrad and Moho discontinuities and the upper boundary of the Paciﬁc slab. The red and blue colors denote low and high velocities, respectively. The
velocity perturbation (in %) scale is shown at the bottom. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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locally thinning and weakening of the brittle seismogenic layer
above them. Low-frequency micro-earthquakes are observed in
the lower crust and uppermost mantle in or around the low-V
zones, which reﬂect ascent of arc magma and ﬂuids from the man-
tle wedge to the crust (e.g., Hasegawa and Zhao, 1994; Xia et al.,
2007; Zhao et al., 2011c). As mentioned above, because no volcano
and magma exist in the forearc area due to low temperature there,
the low-V zones in the forearc reﬂect ﬂuids from the Paciﬁc slab
dehydration. They proposed that the ascending ﬂuids have pro-
duced a water wall in the mantle wedge and lower crust beneath
the forearc, which affects the generation of large crustal earth-
quakes in the Tohoku forearc region (Fig. 21b).4. South Kuril megathrust zone
In the South Kuril arc, the Paciﬁc plate is subducting beneath
the Okhotsk plate at the Kuril–Japan Trench (Figs. 1 and 12). In
the Japan Sea west off Hokkaido and Tohoku, an active nascent
plate boundary has formed that separates the Okhotsk plate fromthe Eurasian (or Amur) plate (e.g., Zhao et al., 2011a). Earthquakes
occur actively in the crust and the subducting Paciﬁc slab down to
a depth of >300 km. In this region, large tsunamis triggered by
megathrust earthquakes have recurred at 500 year interval with
the most recent event in the 17th century (Nanayama et al.,
2003; Satake et al., 2008).
So far many studies have been made on the crust and upper
mantle structure beneath the South Kuril arc (e.g., Katsumata
et al., 2006; Miller et al., 2006; Wang and Zhao, 2009; Kita et al.,
2012), which have improved our understanding of seismotectonics
and subduction dynamics of the region. However, these previous
studies mainly focused on the region right beneath Hokkaido
Island where a dense seismic network exists (Fig. 1a). A few seis-
mic surveys were conducted for the forearc region east off Hokka-
ido, but they were limited in both space and time (e.g., Murai et al.,
2003; Nakanishi et al., 2004; Machida et al., 2009; Azuma et al.,
2012). The detailed 3-D velocity structure and dynamics of the
entire South Kuril arc are still not very clear, because few seismic
stations exist in the Paciﬁc Ocean and the Japan Sea (Fig. 1a).
Liu et al. (2013a) determined detailed 3-D Vp and Vs tomogra-
phy of the crust and upper mantle under the entire South Kuril arc
Fig. 12. (a) Map view and (b) east–west and (c) north–south vertical cross-sections showing the distribution of earthquakes used by Liu et al. (2013a) for tomographic
inversion. The black crosses denote events that occurred beneath the seismic network and were located using P and S wave arrival times. The red and green dots denote
suboceanic events that occurred outside the seismic network and were relocated using sP depth phase data. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Sea and the Sea of Okhotsk using a great number of high-quality
arrival-time data from many local suboceanic earthquakes which
are relocated precisely with sP depth phases (Figs. 12 and S7). In
addition, they also determined the ﬁrst 3-D P-wave anisotropy
tomography under the entire South Kuril arc. They collected and
used much more data than all of the previous tomographic studies
of this region.
Strong lateral heterogeneities exist in the megathrust zone
under the Kuril forearc, and the Vp and Vs images are generally
similar to each other (Fig. 13). Three prominent high-V zones sep-
arated by low-V anomalies are visible in the megathrust zone.
Large earthquakes (MJMAP 6.0) in the forearc region during
1900–2011 are mainly located in or around high-V zones
(Fig. 13a and b), similar to those in the Tohoku forearc (Fig. 7).
The three high-V zones generally coincide with the areas with
large coseismic slips of the megathrust earthquakes (Fig. 13c and
d) (Nagai et al., 2001; Yamanaka and Kikuchi, 2003, 2004;
Katsumata and Yamanaka, 2006; Yamanaka, 2006). Similar to the
Tohoku megathrust zone, the high-V zones may reﬂect the sub-
ducted seamounts or other topographic highs on the Paciﬁc sea-
ﬂoor, and they may have formed asperities in the megathrust
zone where the subducting Paciﬁc plate is strongly coupled with
the overriding Okhotsk plate (Liu et al., 2013a). Stress concentra-
tion occurs at the asperities with the subduction of the Paciﬁc
plate, which breeds megathrust earthquakes (Bowman and King,
2001). Thus, large slips occurred in and around the high-V zones
(asperities) when the megathrust earthquakes take place.
However, the ruptures of megathrust earthquakes seem to start
at the margins of the high-V zones, adjacent to which signiﬁcant
low-V anomalies exist (Fig. 13c and d). The low-V patches in themegathrust zone may contain more subducted sediments and ﬂu-
ids released from the slab dehydration.
The Hidaka collision zone is situated at the southern Hidaka
Mountains, central Hokkaido Island, where the Kuril forearc sliver
collides with the Tohoku arc, and the lower crust of the Kuril arc
thrusts upon the Tohoku arc (Kimura, 1996). Liu et al. (2013a)
revealed a clear correlation between the seismic heterogeneity and
the Cenozoic thrust faults that may have contributed to this arc–
arc collision. In the Hidaka collision zone, a prominent high-V zone
thrusts upon a low-V zone, and their boundary is the Hidaka main
thrust corresponding to the fault plane of the 1970 Hidaka earth-
quake (MJMA 6.7) (Kita et al., 2012; Liu et al., 2013a). The high-V zone
probably represents the westward thrust of the lower crustal rocks
of the Kuril arc, and the low-V zone may reﬂect the structure of the
north–south fold-and-thrust belt with thick sediments on the west
of Hidaka Mountains (e.g., Arita et al., 1998; Iwasaki et al., 2004;
Itoh et al., 2005). The high-V zone extends southward to the source
areas of the 1952 and 2003 Tokachi-oki earthquakes, which may
have contributed to the formation of the asperity in the megathrust
zone (Liu et al., 2013a). The boundary of the high-V and low-V zones
in Hokkaido coincides with a north–south geological boundary sep-
arating the Tohoku arc from the Kuril arc (Kimura, 1986, 1996).
These results suggest that high-resolution seismic tomography can
well explain local geological features.
5. Southwest Japan arc
Along the Nankai Trough off SW Japan, the relatively young
(15–50 Ma) Philippine Sea (PHS) plate has been subducting
beneath the Eurasian (or Amur) plate (e.g., Deschamps and
Lallemand, 2002; Hall, 2002; Sdrolias et al., 2004) (Fig. 14). Many
Fig. 13. (a and c) P-wave and (b and d) S-wave velocity tomography of the megathrust zone directly above the upper boundary of the subducting Paciﬁc slab. The black stars
in (a and b) denote megathrust earthquakes (MP 6.0) during 1901–2011. The earthquake magnitude and velocity perturbation scales are shown at the bottom. The red
contour lines in (c and d) denote coseismic slip distributions of the megathrust earthquakes in 1931, 1968 and 1994 (Nagai et al., 2001; Yamanaka and Kikuchi, 2004), in 2003
(Yamanaka and Kikuchi, 2003), and in 1973 and 2004 (Katsumata and Yamanaka, 2006; Yamanaka, 2006). The inner contour lines denote larger slips. The black triangles
denote active arc volcanoes. The sawtooth line indicates the Kuril–Japan Trench. The black dashed lines show depth contours to the upper boundary of the subducting Paciﬁc
slab. After Liu et al. (2013a). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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(Fig. 14d). Earthquakes occur to a depth of 200 km under Kyushu
and 80 km beneath Shikoku and SW Honshu. Deep earthquakes
under this region take place within the subducting Paciﬁc slab
which is located below the Eurasian plate and the subducting
PHS slab (Figs. 16 and 17).
Many local tomographic studies have been made for SW Japan
(see recent reviews by Hasegawa et al., 2009; Zhao et al., 2011c;
Zhao, 2012). P-wave anisotropy tomography revealed trench-
normal fast-velocity directions in the mantle wedge under Kyushu,
which may reﬂect corner ﬂow driven by the active subduction of
the PHS plate (Ishise and Oda, 2008; Wang and Zhao, 2012,
2013). These previous tomographic studies mainly focused on
the SW Japan land area where the dense seismic network
(Fig. 1a) allows for high-resolution seismic imaging. A few active-
source seismic surveys were conducted in the Nankai forearc
region (e.g., Kodaira et al., 2000, 2002; Bangs et al., 2009).
Liu et al. (2013b) determined detailed 3-D Vp and Vs tomogra-
phy of the entire Nankai subduction zone from the Nankai Trough
to the Japan Sea using a large number of high-quality arrival-time
data from many local inland earthquakes as well as suboceanic
events which are relocated with sP depth phases (Figs. 14 andS8). They collected and used much more data than all the previous
tomographic studies of this region, hence their tomography shows
clearly the high-V subducting PHS slab and low-V anomalies in the
crust and mantle wedge under the active arc and back-arc volca-
noes. They also revealed low-V zones in the Nankai forearc region,
especially off Kyushu and Shikoku Islands (Fig. 15), which are gen-
erally consistent with the tomographic results obtained with the
OBS data (Tahara et al., 2008). The forearc low-V zones may reﬂect
a highly serpentinized and hydrated forearc mantle wedge result-
ing from the dehydration of the young and warm PHS slab
(Hyndman and Peacock, 2003; Xia et al., 2008b). The serpentinized
area has a low strength and so controls the down-dip limit of
megathrust earthquakes. Repeating earthquake activity seems to
share the same down-dip limit under the Hyuganada area in the
Kyushu forearc (Yamashita et al., 2012). This feature is different
from that in Tohoku and South Kuril which are underlain by the
old and cold Paciﬁc slab. However, a similar feature was revealed
in central Cascadia where the young Juan de Fuca slab is subduct-
ing beneath the North American plate (e.g., Bostock et al., 2002).
Small earthquakes occur actively within the subducting PHS slab
under the Nankai forearc, which may be related to the slab dehy-
dration (Xia et al., 2008b; Zhao et al., 2011c; Liu et al., 2013b).
Fig. 14. (a) Map view and (b) east–west and (c) north–south vertical cross-sections showing the distribution of earthquakes used by Liu et al. (2013b) for tomographic
inversion. The green and yellow dots denote events that occurred beneath the seismic network and were located using P and S wave arrival times. The red and purple dots
denote suboceanic events that occurred outside the seismic network and were relocated using sP depth phase data. (d) Distribution of active arc volcanoes on the Japan
Islands and intraplate volcanoes in Northeast Asia (red triangles). The green hatched part denotes the SW Japan arc. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
D. Zhao / Journal of Asian Earth Sciences 98 (2015) 26–49 37Vp and Vs images in the Nankai megathrust zone are generally
similar to each other, which exhibit strong lateral heterogeneities
(Fig. 15). Megathrust earthquakes (MP 6.0) during 1901–2011
are mainly located in high-V patches, or at the boundary between
the high-V and low-V zones (Fig. 15), similar to those in the
Tohoku and Kuril arcs (Figs. 7 and 13).
Three prominent seamount chains exist on the PHS plate close
to the Nankai Trough. From the west to east, they are the Kyu-
shu-Palau ridge, the Kinan seamount chain, and the Izu-Bonin arc
(Fig. 15). The Kyushu-Palau ridge separates the younger Shikoku
Basin from the older West Philippine Basin (Okino et al., 1999;
Deschamps and Lallemand, 2002). Active-source seismic surveys
revealed an irregular Vp structure in the northwestern extension
of the Kyushu-Palau ridge beneath Hyuganada, which may be asso-
ciated with the subducted part of this ridge (Nishizawa et al.,
2009). They also found high-V anomalies north of this irregular
Vp structure, where the 1968 Hyuganada earthquake (M 7.5)
occurred (Fig. 15c and d). A seismic reﬂection survey also revealed
a subducting seamount under the forearc off Shikoku Island
(Kodaira et al., 2002; Fig. 15c and d). This seamount probably
belongs to the Kinan seamount chain which originated from the
igneous activity after back-arc spreading of the Shikoku Basin
(Kobayashi et al., 1995; Okino et al., 1999). The Izu-Bonin arc
marks the boundary between the Shikoku Basin and the Paciﬁc
plate. The Zenisu ridge is a sub-branch of this arc and subparallel
with the Nankai Trough (Fig. 15). Seismic reﬂection and refraction
surveys revealed a subducting ridge subparallel with the Zenisu
ridge beneath the Nankai accretionary wedge (Park et al., 2004).
The estimated locations of these subducted ridges and seamounts
are generally consistent with those of the high-V patches in the
megathrust zone revealed by Liu et al. (2013b) (Fig. 15).6. Aseismic deep subduction of Philippine Sea slab
The seismicity within the subducting PHS slab ends at a depth
of 60–80 km under western Honshu and at a depth of 180 km
under Kyushu (Figs. 1 and S9b). Does the tip of the PHS slab reach
those depths or has the PHS slab subducted aseismically to a
greater depth? P-wave tomography of the Japan subduction zone
down to a depth of 700 km was determined by joint inversions
of local and teleseismic data recorded by the dense Japanese seis-
mic networks, revealing that the PHS slab under SW Japan has sub-
ducted aseismically down to a depth of 430 km under East China
Sea off Kyushu, Tsushima Strait, and the Japan Sea off western
Honshu (Abdelwahed and Zhao, 2007; Zhao et al., 2012a,b). The
tomographic images of the PHS slab are further improved by
Huang et al. (2013) who collected and combined a large number
of high-quality arrival-time data of local and teleseismic events
recoded by the dense seismic networks in both SW Japan and
South Korea (Fig. 16). This new result shows that, beneath the seis-
mic PHS slab, a high-V zone is visible down to a depth of 430 km
under the Japan Sea off western Honshu and down to a depth of
460 km under western Kyushu, indicating that the aseismic
PHS slab has reached the mantle transition zone (Fig. 16).
Along the Nankai Trough off SW Japan, the PHS plate is com-
posed of several blocks with ages increasing from the east to west,
including the Izu-Bonin arc and back-arc (0–2 Ma), the Shikoku
Basin (15–30 Ma), the Kyushu-Palau Ridge, and the Amami Plateau
(40–49 Ma) (Hilde and Lee, 1984; Hall et al., 1995; Huang et al.,
2013). The subduction rate of the PHS plate also increases from
28 mm/year at the Sagami Trough to 50 mm/year off southern
Kyushu (Seno et al., 1993; Bird, 2003). The subduction of the PHS
plate may have occurred intermittently through the late Cenozoic,
Fig. 15. (a and c) P-wave and (b and d) S-wave velocity tomography of the megathrust zone along the upper boundary of the subducting Philippine Sea slab beneath the
Nankai forearc (Liu et al., 2013b). The red and blue colors denote low and high velocities, respectively. The red stars denote large earthquakes (MP 6.0) during 1900–2011.
The earthquake magnitude scale is shown in (a). The velocity perturbation scales is shown in (b). The areas shown in yellow dashed contour lines in (c and d) denote the
inferred subducted oceanic ridges and seamounts. From the west to east, they are the subducted part of the Kyushu-Palau ridge (Nishizawa et al., 2009), the Kinan seamount
chain (Kodaira et al., 2002) and the Izu-Bonin arc (Park et al., 2004). The unsubducted parts of these topographic highs on the ocean ﬂoor are also shown in (c and d).
Coseismic slips of the large earthquakes in 1944 (blue lines, Kikuchi et al., 2003), 1946 (white lines, Sagiya and Thatcher, 1999), 1968 (red lines, Yagi et al., 1998) and 1996
(red lines, Yagi et al., 1999) are also shown in (c and d). The inner contour lines denote larger coseismic slips (see the above references for details). The solid triangles denote
active arc volcanoes. The sawtooth line denotes the Nankai Trough. The dashed lines show depth contours of the upper boundary of the subducting Philippine Sea plate. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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plates in the Philippine Sea (Uyeda and Miyashiro, 1974; Hirahara,
1981). The tomographic result (Fig. 16) shows that the total length
of the PHS slab under SW Japan is 800–900 km from the Nankai
Trough to the tip of the aseismic slab. Suppose this part of the PHS
slab started its subduction 40–15 Ma ago, then its average subduc-
tion rate is 20–60 mm/year from the tomographic results (Zhao
et al., 2012a; Huang et al., 2013). This value is roughly consistent
with the estimates (28–50 mm/year) by the above-mentioned
studies using other approaches. Note that the convergence rate
may have varied in different periods of the PHS plate subduction
(Uyeda and Miyashiro, 1974; Hirahara, 1981).
The morphology of the aseismic PHS slab under SW Japan has
been estimated from the obtained images of teleseismic tomogra-
phy (Zhao et al., 2012a; Huang et al., 2013). The aseismic slab is
visible in two areas: one is under the Japan Sea off western Hon-
shu, the other is under the East China Sea off western Kyushu
(Fig. 17). However, the aseismic slab disappears between the two
areas, where a slab windowmay have formed (Fig. 17). This feature
has been conﬁrmed by detailed resolution analyses and synthetic
tests (Zhao et al., 2012a; Huang et al., 2013).
The cause of the slab window is still not very clear. One possi-
bility is that the PHS slab is segmented and broken because of
the subduction of the Kyushu-Palau Ridge and the Kinan Seamount
Chain (Figs. 15 and 17) where the PHS slab may be much weaker
than the surrounding parts of the slab, and thermal andmechanical
erosions may occur there, resulting in the slab window. Thedipping angle of the PHS slab changes from Shikoku-Chugoku to
Kyushu (Fig. 17), which may also facilitate the segmentation of
the aseismic PHS slab (Zhao et al., 2012a). In addition, the PHS slab
window is located directly above the hinge portion of the Paciﬁc
slab which becomes ﬂat at 575 km depth (Fig. 17). Recent com-
puter simulations (Kameyama and Nishioka, 2012; He, 2014) show
that ascending hot ﬂows can occur easily in the mantle wedge
above the hinge portion of the Paciﬁc slab, which may have caused
the Changbai intraplate volcanism, well explaining a low-V anom-
aly in the upper mantle under the Changbai volcano as revealed by
seismic tomography (Zhao et al., 2004, 2009b; Lei and Zhao, 2005;
Duan et al., 2009). In and around the PHS slab window, low-V
anomalies exist (A2–A3 in Fig. 17), which may reﬂect ascending
hot ﬂow in the mantle wedge above the Paciﬁc slab. The slab win-
dowmay be caused the joint effects of these factors. The opening of
a slab window can cause various geological processes including
magmatism, changes in plate kinematics and deformation,
mineralization, high-temperature metamorphism, and changes in
sedimentary basin evolution (see Eyuboglu, 2013 and many
references cited therein).
The PHS slab has a relatively simple geometry down to a depth
of 250 km beneath Kyushu, whereas the aseismic PHS slab at
depths of 280–460 km exhibits a change in its morphology off wes-
tern Kyushu (Fig. 17). It is still unclear what caused the slab geom-
etry change. One possibility is that the hot mantle upwelling above
the Paciﬁc slab pushed the PHS slab from below. This together with
the compression from the Paciﬁc plate may have changed the PHS
Fig. 16. Vertical cross-sections of P-wave tomography along the proﬁles shown on the inset map (Huang et al., 2013). The red and blue colors denote low and high velocities,
respectively. The velocity perturbation scale is shown on the right. The red and black triangles denote active volcanoes. The surface topography is shown atop each cross-
section. The three dashed lines in each cross-section represent the Moho, 410- and 660-km discontinuities. The white dots denote seismicity that occurred within a 20-km
width of each proﬁle. The estimated upper boundary of the subducting Philippine Sea slab is shown in a dashed line. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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the slab window (Zhao et al., 2012a,b; Huang et al., 2013). To clar-
ify these issues, it is necessary to conduct geophysical, geochemical
and computer-simulation studies considering the subduction
history of the PHS plate.
7. Slab deep subduction and intraplate magmatism
According to the studies of seismic tomography (e.g., Zhao,
2001, 2004; Fukao et al., 2001; Huang and Zhao, 2006; Wei et al.,
2012; Zhao et al., 2004, 2013) and waveform modeling (e.g.,
Tajima et al., 2009; Ye et al., 2011; Li et al., 2013), the Paciﬁc plate
is subducting beneath the Japan Islands and the PHS plate, and
then it becomes stagnant in the mantle transition zone (MTZ)
under the Korean Peninsula and East China. A big mantle wedge
(BMW) has formed in the upper mantle above the dipping Paciﬁc
slab and the stagnant slab (Fig. 21a), and hot and wet upwelling
ﬂows in the BMW and perhaps deep slab dehydration as well have
caused the intraplate volcanoes in East Asia (Zhao et al., 2004,
2007b; Lei and Zhao, 2005). This BMWmodel for the intraplate vol-
canism and mantle dynamics in East Asia has been supported by
petrological and geochemical studies (e.g., Zou et al., 2008;
Ohtani and Zhao, 2009; Kuritani et al., 2009, 2011, 2013;
Sakuyama et al., 2014) and various geophysical observations (see
Zhao and Tian, 2013 for a recent review).
Wei et al. (2012) determined an updated P-wave mantle tomog-
raphy under East Asia using a better data set of arrival times fromlocal and regional earthquakes recorded by over 2000 seismic sta-
tions in East Asia (Fig. S9), which has improved the earlier regional
tomography by Huang and Zhao (2006). The new tomography
model has conﬁrmed the existence of the stagnant slab under
Korea and East China and low-V anomalies in the BMW under
the active intraplate volcanoes, such as Changbai, Wudalianchi,
Jeju, and Ulleung. (Fig. 18). The subducting PHS slab is also imaged
clearly, and it has subducted aseismically down to the MTZ
(Fig. 18k–r), being consistent with the local-scale tomography
under SW Japan (Fig. 16).
Among the active intraplate volcanoes in NE Asia, Changbai is
the largest and most active one and it has erupted several times
in the past 2000 years (e.g., Liu, 1999; Xu et al., 2012; Wei et al.,
2013a). Then a question arises: why is Changbai so active and dis-
tinct from the other intraplate volcanoes in NE Asia? Is there any
local cause of the Changbai volcanism in addition to the hot
upwelling in the BMW? Zhao and Tian (2013) investigated this
issue and proposed a model which shows a link between deep
earthquakes in the Paciﬁc slab with the Changbai volcanism
(Fig. 21a).
Very deep earthquakes (500–600 km depths) in the Paciﬁc slab
under East Asia occur 200–300 km to the east of the Changbai vol-
cano (Fig. 19). Some of the deep events are quite large (M > 7.0)
and they take place frequently in the region. A high-resolution
local tomography down to a depth of 650 km under Changbai
was obtained by using a large number of high-quality local and
teleseismic data recorded by 645 seismic stations of the local
Fig. 17. Depth contours to the upper boundary of the subducting Paciﬁc slab (the
blue dashed lines) and that of the subducting Philippine Sea (PHS) slab. The bold
blue line denotes the 575-km depth contour of the Paciﬁc slab which becomes
stagnant in the mantle transition zone to the west of this contour line, according to
Zhao (2004). The gray lines denote the seismic parts of the PHS slab estimated from
the seismicity in the PHS slab and local-earthquake tomography (Nakajima et al.,
2009). The red lines show the upper boundary of the aseismic PHS slab estimated
from teleseismic tomography (Huang et al., 2013). The red triangles denote active
volcanoes. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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deployed in the Changbai area (Zhao et al., 2009b). Fig. 20 shows
ﬁve vertical cross-sections of the local tomography passing
through the Changbai volcano. A low-V anomaly of 100 km wide
is clearly visible down to a depth of 300 km under the volcano, and
the low-V zone extends toward the east in the depth range of 300–
480 km. In the lower portion of the MTZ, a continuous high-V
anomaly is clearly visible, which represents the stagnant Paciﬁc
slab (Fig. 20). The local tomographic images are compared with
the distribution of earthquakes (MP 4.0) that occurred after
1964 in NE Asia (Fig. 20). It is clear that the prominent low-V
anomaly under Changbai extends down to a depth of 410 km and
it spreads toward the east to the upper portion of the MTZ above
or close to swarms of deep earthquakes in the Paciﬁc slab
(Fig. 20). Very deep earthquakes also occurred close to the active
Ulleung volcano in the Japan Sea (Fig. 20e). However, the local
tomography has a poor resolution under the Ulleung volcano,
because there is no seismic station in the Japan Sea (Zhao and
Tian, 2013).
Integrating all the geophysical, geochemical and petrological
ﬁndings obtained so far, Zhao and Tian (2013) proposed that the
occurrence of deep earthquakes in the Paciﬁc slab may have con-
tributed to the Changbai volcanism (Fig. 21a). To date, many litho-
spheric normal-faulting earthquakes have been recorded that
occurred frequently (perhaps repeatedly) at the outer rise right
before the Paciﬁc plate enters the trench axis (e.g. Kanamori,
1971, 2004; Hino et al., 2009). One recent example of the outer-rise
earthquakes is that (M 7.5) which occurred within one hour fol-
lowing the great Tohoku-oki earthquake on 11 March 2011
(Obana et al., 2012; Fig. 2). Seawater may permeate through thedeep portion of the oceanic lithosphere along the active normal
faults which generated the large outer-rise earthquakes (e.g.,
Peacock, 2001; Ranero et al., 2003; Ranero and Sallares, 2004;
Zhao et al., 2007b; Faccenda et al., 2008, 2009; Fujie et al.,
2013b). The seawater or ﬂuids may be preserved in the active
faults even after the Paciﬁc plate subducts into the mantle. Among
the large deep events which occur frequently in the subducting
Paciﬁc slab under the Japan Sea and the NE Asian margin, at least
some of themmay be caused by reactivation of the faults preserved
in the subducting slab (e.g., Silver et al., 1995; Zhao et al., 2007b),
and the ﬂuids preserved in the faults within the slab may cause the
observed non-double-couple components in the deep earthquake
faulting (e.g., Frohlich, 1994, 2006; Julian et al., 1998; Miller
et al., 1998). The ﬂuids preserved in the slab may be released to
the overlying mantle wedge through the large deep earthquakes.
Because the deep events occur frequently in the vicinity of the
Changbai volcano, much more ﬂuids could be supplied to this vol-
cano than other areas in NE Asia, making Changbai the largest and
most active intraplate volcano in the region. Zhao and Tian (2013)
also showed some examples indicating that not only (some) deep
earthquakes but also (some) intermediate-depth earthquakes
beneath the Tohoku and Kuril arcs were caused by reactivation
of preexisting faults preserved in the subducting Paciﬁc slab.8. Discussion and summary
The active northwestward subductions of the Paciﬁc and Philip-
pine Sea plates beneath the Okhotsk and Eurasian plates have
played a key role in the seismic and volcanic activities, and causing
signiﬁcant structural heterogeneities and dynamic evolution in the
crust and mantle beneath Western Paciﬁc and East Asia. In the fol-
lowing, we describe and discuss the major subduction processes
and consequences, with an emphasis on seismotectonics and mag-
matism, from the oceanic trench toward the arc, back-arc and the
East Asian continent, which form a broad deformation zone of
2000 km wide due to the strong interactions among the four
lithospheric plates (Fig. 21).
8.1. Outer-rise earthquakes and slab hydration
Near the oceanic trench, normal-faulting earthquakes occur fre-
quently in the outer-rise portion because of the upward bending of
the oceanic lithosphere before the plate subduction (Fig. 21a).
Large outer-rise earthquakes are associated with deep normal
faults in the oceanic lithosphere, such as the 3 March 1933 San-
riku-oki earthquake (Mw 8.4) (Kanamori, 1971) and the 11 March
2011 Miyagi-oki earthquake (Mw 7.5) soon after the Mw 9.0 mega-
thrust earthquake (Obana et al., 2012). A large amount of seawater
may permeate through the deep portion of the Paciﬁc plate along
those normal faults at least soon after every large outer-rise earth-
quake, resulting in slab hydration (e.g., Peacock, 2001; Ranero
et al., 2003; Ranero and Sallares, 2004; Zhao et al., 2007b;
Faccenda et al., 2009; Fujie et al., 2013b). When the Paciﬁc plate
subducts to a certain depth (e.g., 50 km under Tohoku), the stress
regime in the upper portion of the slab is changed from extension
to compression (e.g., Gamage et al., 2009) and so the normal faults
are closed within the slab. Thus a large amount of water can be
preserved within the slab and brought down to the MTZ depth
beneath the Korean Peninsula and East China.
8.2. Megathrust-zone heterogeneity and megathrust earthquakes
Because of the seismic and mechanical coupling between the
subducting oceanic plate and the overlying continental plate, large
and small thrust earthquakes occur actively in the megathrust
Fig. 18. Vertical cross-sections of P-wave tomography along the proﬁles shown on the inset map (Wei et al., 2012). The red and blue colors represent low and high velocities,
respectively. The velocity perturbation scale is shown at the bottom. The white dots indicate the background seismicity that occurred within a 30-km width of each proﬁle.
The red triangles denote active intraplate volcanoes. The dashed lines denote the 410- and 660-km discontinuities. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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the great 2011 Tohoku-oki earthquakes, although events with
other types of mechanisms (strike-slip and normal faulting) also
occur in and around the megathrust zone (e.g., Asano et al.,
2011; Huang and Zhao, 2013a; Yoshida et al., 2012). The degree
of interplate seismic coupling is not uniform because of the exis-
tence of strong structural heterogeneities in the megathrust zone
as revealed by seismic tomography. Most of the large megathrust
earthquakes after 1900 are found to occur in or around high-V
patches in the megathrust zones under the Tohoku, Kuril and Nan-
kai forearc regions (Zhao et al., 2011b; Huang and Zhao, 2013b; Liu
et al., 2013a,b). The high-V patches may reﬂect subducted sea-
mounts, oceanic ridges and other topographic highs on the sea-
ﬂoor, and they can form asperities in the megathrust zone. In
contrast, the low-V patches in the megathrust zone may contain
more subducted sediments and ﬂuids released from slab dehydra-
tion. The ﬂuids control the pore ﬂuid pressure and so play an
important role in the nucleation of megathrust earthquakes.
The asperities resulting from the subducted oceanic ridges and
seamounts may increase the shear stress/strain and promote the
nucleation of megathrust earthquakes (e.g., Cloos, 1992; Scholz
and Small, 1997; Baba et al., 2001; Lay et al., 2012). However,the areas where megathrust events reoccurred are not always con-
sistent with their high coseismic slips. For example, the coseismic
slip distributions of the 1944 Tonankai earthquake (M 7.9) (Kikuchi
et al., 2003) and the 1946 Nankai earthquake (M 8.0) (Sagiya and
Thatcher, 1999) are not limited in the high-V patches (asperities)
where the initial ruptures occurred (Fig. 15). In contrast to the
high-V patches (strong coupled areas) in the megathrust zone,
the low-V patches probably represent weakly coupled or even
decoupled areas. Active-source seismic surveys also revealed a
low seismic-impedance layer (i.e., a low-V layer) in the megathrust
zone southeast off the Kii Peninsula, which represents a weakly
coupled area (Bangs et al., 2009). Due to the weak interplate cou-
pling in the low-V patches, ruptures of some megathrust earth-
quakes could unimpededly pass through the low-V areas
adjacent to the high-V patches (Liu et al., 2013a,b). The asperities
may also act as barriers hindering or even ceasing the rupture pro-
cesses of some megathrust earthquakes triggered by other asperi-
ties (e.g., Nakanishi et al., 2002; Park et al., 2004). This scenario
may explain a feature that many interplate earthquakes (M 6–7)
occurred beneath the Kyushu forearc where many small high-V
and low-V anomalies coexist and so limit the coseismic rupture
extension (Nishizawa et al., 2009; Liu et al., 2013b). In contrast,
Fig. 19. Tectonic background of Northeast Asia (Zhao and Tian, 2013). The dots show epicenters of large earthquakes (MP 6.0) that occurred from January 1900 to
September 2009 compiled by the International Seismological Center. The earthquake magnitude scale is shown at the bottom. The color of the dots denotes the focal depth;
its scale is shown at the bottom. The black stars represent the Tohoku-oki main shock (Mw 9.0) and an aftershock (Mw 7.5) in the outer-rise which occurred on 11 March
2011. The contour lines show the upper boundary of the subducting Paciﬁc slab down to 575 km depth, while toward the west the Paciﬁc slab becomes ﬂat in the mantle
transition zone. The blue sawtooth line denotes the Japan Trench. The red triangles denote the active Changbai and Ulleung intraplate volcanoes. The black triangles denote
active arc volcanoes on the Japan Islands. The black lines in China denote the major active faults. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
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and Honshu, which may lead to unimpeded rupture processes of
great megathrust events, such as the 1946 M 8.0 Nankai earth-
quake (Fig. 15). The same scenario may have happened in the
1968 M 8.3 and the 2003 M 8.0 Tokachi-oki earthquakes
(Fig. 13), as well as the 2011Mw 9.0 Tohoku-oki earthquake (Figs. 7
and 10).
8.3. Intraslab earthquakes
Ruptures within the subducting slab cause large intraslab earth-
quakes at intermediate-depths, such as the 2001 Geiyo earthquake
(M 6.7) which occurred in the PHS slab under SW Japan (Zhao et al.,
2002), the 2003 Miyagi-oki earthquake (M 7.0; Mishra and Zhao,
2004), and the 7 April 2011 Miyagi-oki earthquake (M 7.1;
Nakajima et al., 2011) which occurred within the Paciﬁc slab under
the Tohoku forearc. It is found that the large intraslab earthquakes
generally occurred in lower-velocity zones within the subducting
slab, which are attributed to the process of dehydration embrittle-
ment resulting from the dehydration of hydrous minerals within
the slab, causing the intraslab events by enhancing pore pressures
along the pre-existing faults/fractures within the slab (e.g., Mishra
and Zhao, 2004).
8.4. Arc magmatism and mantle wedge dynamics
To date, many multidisciplinary studies have shown that slab
dehydration and convective circulation (corner ﬂow) in the mantle
wedge are two most important processes to produce arc and back-
arc magmatism and volcanism (e.g., Tatsumi, 1989; Peacock, 1990;
Zhao et al., 1992; Hasegawa and Zhao, 1994; Iwamori and Zhao,
2000; Scambelluri and Philippot, 2001; Stern, 2002; van Keken,2003; Wiens et al., 2008; Gerya, 2011). Much water is expelled
from the subducting slab and contributes to melt generation in
the hot portion of the mantle wedge under the volcanic front and
back-arc. The ﬂuids reduce the melting temperature of rocks,
which can produce signiﬁcant amounts of melt. van Keken et al.
(2011) used a global compilation of subduction-zone thermal mod-
els to predict the metamorphic facies and H2O content of subduct-
ing slabs. Their results show that mineralogically bound water can
pass efﬁciently through old and fast subduction zones such as in
the Western Paciﬁc, whereas nearly complete slab dehydration
occurs in hot subduction zones such as SW Japan and Cascadia.
They found that the top of the slab is sufﬁciently hot in all subduc-
tion zones, and so the subducted upper crust including sediments
can dehydrate signiﬁcantly. The degree and depth of dehydration
in the deeper crust and uppermost mantle of the slab are highly
diverse and depend strongly on composition and local pressure
and temperature conditions. The mantle part of the slab dehy-
drates at intermediate depths in all but the coldest subduction
zones. On average, about 1/3 of the bound H2O subducted globally
in slabs reaches a depth of 240 km, carried principally and roughly
equally in the gabbro and peridotite sections. The predicted global
ﬂux of H2O to the deep mantle is small but still amounts to about
one ocean mass over the Earth’s history (van Keken et al., 2011).
On the other hand, the solid-state mantle wedge ﬂow in sub-
duction zones plays an important role in controlling the thermal
structure and dynamics of subduction zones (e.g., Wada et al.,
2011). As the cold oceanic lithosphere subducts, it cools the over-
riding mantle wedge. The corner ﬂow, however, replenishes the
wedge with hot mantle material, providing a thermal condition
necessary for melt generation and arc magmatism. The hot mantle
also heats up the top of the subducting slab and promotes the slab
dehydration, which is important to such processes as intraslab
Fig. 20. (a–e) Vertical cross-sections of P-wave local tomography along the proﬁles shown on the inset map (f). The blue and red colors denote high and low velocities,
respectively. The cross symbols denote crustal earthquakes. Deep earthquakes are shown in open circles (M < 7.0) and red stars (MP 7.0). The velocity perturbation and
earthquake magnitude scales are shown below (c). The two dashed lines denote the Moho and 410-km discontinuities. The other labeling is the same as that in Fig. 19. After
Zhao and Tian (2013). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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et al., 2011).
The mantle-wedge corner ﬂow and aqueous ﬂuids from slab
dehydration are imaged as low-V zones by seismic tomography
(Figs. 6 and S1). Low-V zones are also visible in the crust and
uppermost mantle under the forearc (Fig. 11), which reﬂects shal-
low slab dehydration. Low-frequency microearthquakes occur in or
around low-V zones in the lower crust and uppermost mantle
under the volcanic front and back-arc areas, which are good indica-
tors of magmatic activity (Figs. 6 and 8 and S1). Beneath the volca-
nic front, the low-V zones become more prominent beneath each
group of active volcanoes (Fig. S1), which indicate along-arc varia-
tions in the ﬂuid and magmatic activity in the mantle wedge, sup-
porting the hot ﬁnger model (Tamura et al., 2002). Small-scale
convection may occur in the mantle wedge, because the viscosity
there can be reduced signiﬁcantly by ﬂuids released from the slab
(Honda and Saito, 2003). Another possibility for the along-arc var-
iation in seismic property is diapiric ascent of metasomatized man-
tle (Hall and Kincaid, 2001; Gerya and Yuen, 2003). Numerical
modeling studies have dealt explicitly with the seismic signature
of diapirs in the mantle wedge (e.g., Gerya et al., 2006; Gorczyk
et al., 2006; Gerya, 2011). The seismic structure predicted by thesemodeling studies is generally consistent with that revealed by seis-
mic tomography (e.g., Zhao et al., 1992, 2015; Huang et al., 2011a).
The across-arc and along-arc variations of the corner ﬂow in the
mantle wedge have been also revealed by seismic anisotropy stud-
ies using both shear-wave splitting measurements (e.g., Huang
et al., 2011b,c; Long, 2013) and P-wave anisotropic tomography
(e.g., Wang and Zhao, 2008, 2010, 2013; Huang et al., 2011a;
Tian and Zhao, 2012; Liu et al., 2013a).
The low-V zones in the mantle wedge under Tohoku extend
westward under the eastern margin of the Japan Sea (e.g.,
Abdelwahed and Zhao, 2007; Zhao et al., 2011a, 2012a), but it is
still unclear exactly where the upwelling ﬂow originates under
the back-arc region, because the tomographic image has a lower
resolution under the Japan Sea due to the lack of seismic stations
there (Figs. 1a and 21a).
8.5. Slab dehydration and crustal earthquakes
Large crustal earthquakes occur actively in the overlying conti-
nental plate from the forearc, arc to back-arc areas. Fig. 21b shows
a qualitative model to explain the seismogenesis of large crustal
earthquakes in Japan, based on the studies until now (e.g.,
Fig. 21. (a) A cartoon showing main features of the upper-mantle structure and dynamics under Western Paciﬁc and East Asia, emphasizing the possible relationship between
the Changbai intraplate volcanism and deep earthquakes in the Paciﬁc slab (Zhao and Tian, 2013). DXAL, Daxing-Anling. (b) Schematic illustration of across-arc vertical cross-
section of the crust and upper mantle under the Japan subduction zone. The generation of large crustal earthquakes is controlled by the tectonic background and structural
heterogeneities, in particular, arc magma and ﬂuids from slab dehydration (Zhao et al., 2015).
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et al., 2005, 2009; Xia et al., 2008a; Tong et al., 2011, 2012; Wei and
Zhao, 2013).
In the forearc area, the temperature is lower, hence magma can-
not be produced and no volcano exists there, thus the ﬂuids from
slab dehydration migrate up to the crust and form a water wall
in the mantle wedge and the lower crust (Zhao et al., 2015). If
the ﬂuids enter an active fault in the crust, pore pressure will
increase and fault-zone friction will decrease, which may trigger
large crustal earthquakes in the forearc, such as the 1995 Kobe
earthquake (M 7.2) in SW Japan (Zhao et al., 1996; Salah and
Zhao, 2003; Tong et al., 2011) and the 2011 Iwaki earthquake (M
7.0) in Tohoku (Tong et al., 2012).
Under the volcanic front and back-arc areas, arc magma is pro-
duced because of the high temperature in the mantle wedge and
ﬂuids from slab dehydration. Migration of magma up to the crust
results in active arc volcanoes and causes lateral heterogeneity
and weakening of the seismogenic upper crust. The ascending arc
magmas raise the temperature and reduce the seismic velocity of
crustal materials around them, causing the brittle seismogenic
layer above them to become locally thinner and weaker
(Hasegawa et al., 2005). Compressive stress regime due to the con-
tinuous plate subduction causes stress concentration in those weak
sections of the seismogenic layer, leading to large crustal earth-
quakes, such as the 2000 Western-Tottori (M 7.3), 2004 and2007 Niigata (M 6.8), 2005 west off Fukuoka (M 7.0), and the
2008 Iwate-Miyagi (M 7.2) earthquakes (e.g., Zhao et al., 2010),
as well as the large historic earthquakes (Zhao et al., 2015). The
large crustal earthquakes are not apt to occur within the very weak
low-V zones but in their edge portions where the mechanical
strength of rocks is stronger than that of the low-V zones but still
weaker than the normal sections of the seismogenic layer. Thus the
edge portions of the low-V areas become the ideal locations to gen-
erate large crustal earthquakes which produce active faults reach-
ing the Earth’s surface or blind faults within the brittle upper crust
(Fig. 21b; Zhao et al., 2002, 2010). Although the tomographic
images are complex and their details vary in different earthquake
areas, low-V and/or high-r anomalies are generally visible below
or around the main shock hypocenters. This suggests one common
feature, i.e., signiﬁcant inﬂuence of ﬂuids and magma on the rup-
ture nucleation of large crustal earthquakes (Zhao et al., 2010,
2015).
Structural heterogeneities (in particular, crustal ﬂuids) and
their effects on seismogenesis are also revealed in source areas of
many large crustal earthquakes in the continental regions (e.g.,
Kayal et al., 2002; Huang et al., 2002; Mishra and Zhao, 2003;
Huang and Zhao, 2004, 2009; Mukhopadhyay et al., 2006; Qi
et al., 2006; Tian et al., 2007; Lei and Zhao, 2009; Wang et al.,
2010, 2013; Wei et al., 2013a,b; Chen et al., 2014; Cheng et al.,
2014; Xia and Zhao, 2014). Recent lunar studies show that even
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structural heterogeneities in the lunar interior (Zhao et al., 2008,
2012b), suggesting similar seismogenic processes in both the Earth
and Moon.
8.6. Deep earthquakes, BMW and intraplate volcanism
Focal-mechanism solutions of deep earthquakes show that
compressive stress regime occurs in the Paciﬁc slab at depths of
200–600 km under the Japan Sea (Zhao et al., 2009b; Li et al.,
2013), because the slab meets strong resistance at the 670-km dis-
continuity due to the sudden increase in viscosity from the MTZ to
the lower mantle (e.g., Fukao et al., 2001; Zhao, 2001, 2004). Hence
the Paciﬁc slab becomes stagnant in the lower part of the MTZ
beneath the Korean Peninsula and East China, and a big mantle
wedge (BMW) has formed in the upper mantle and the upper part
of the MTZ above the subducting Paciﬁc slab and the stagnant slab
(Zhao et al., 2004, 2007b). Mineral physics studies show that dehy-
dration reactions still occur in the Paciﬁc slab in the MTZ, because
the Paciﬁc slab is very old and cold and so some hydrous phases in
the slab keep stable down to the MTZ depths (e.g., Ohtani and
Zhao, 2009; Kuritani et al., 2011, 2013). Fluids from the slab dehy-
dration and corner ﬂow in the BMW may cause upwelling of hot
and wet asthenospheric materials, resulting in intraplate volca-
nism in NE Asia. More magmas may be supplied to the Changbai
volcano, because the frequent occurrence of large deep earth-
quakes may release additional ﬂuids to the BMW from the pre-
served faults in the Paciﬁc slab (Fig. 21a). As a result, Changbai
has become much more active and prominent than the other intra-
plate volcanoes in NE Asia (Zhao and Tian, 2013).
8.7. Fluids and earthquakes
A great number of studies using various approaches have shown
that ﬂuids exist widely in subduction zones (see Hasegawa et al.,
2009; Zhao, 2012 for recent reviews). Fluids are found to play an
important role in the generation of outer-rise earthquakes, mega-
thrust earthquakes, intraslab earthquakes, crustal earthquakes,
and intermediate-depth and deep earthquakes (e.g., Zhao et al.,
1996, 2002; Mishra and Zhao, 2003, 2004; Jiang et al., 2008;
Hasegawa et al., 2009; Jiang and Zhao, 2011; Faccenda, 2014). It
seems reasonable to believe that ﬂuids are involved in the genera-
tion of all types of earthquakes and volcanism. The existence of ﬂu-
ids in the crust and upper mantle affects the long-term structural
and compositional evolution of the fault zones, change the strength
of the fault zone, and alter the local stress regime (e.g., Sibson,
1992; Hickman et al., 1995; Zhao et al., 1997, 2010; Huang et al.,
2011d; Yoshida et al., 2012). These factors can enhance stress con-
centration in the seismogenic layer leading to mechanical failure.
The above-mentioned many pieces of evidence indicate that the
generation of a large earthquake is not entirely a mechanical pro-
cess, but is closely related to the physical and chemical properties
of materials in the crust and upper mantle, such as magma and
ﬂuids (Zhao et al., 2002, 2010). The rupture nucleation zone is
not limited in a 2-D fault plane but has a 3-D spatial extent, as sug-
gested earlier by Tsuboi (1956) with the concept of earthquake vol-
ume. Complex physical and chemical reactions take place in the
earthquake volume, causing heterogeneities in the material prop-
erty and stress ﬁeld, which can be detected with seismic tomogra-
phy and other geophysical methods. The source zones of M 6–9
earthquakes extend from 10 to 500 km. The spatial resolution
of current tomography is close to or even shorter than the scale
of the large-earthquake source zones, enabling us to image the
earthquake-related heterogeneities (i.e., earthquake volume) in
the crust and upper mantle. These results indicate that large earth-
quakes do not strike anywhere randomly, but only in anomalousareas which can be detected with geophysical imaging (Zhao
et al., 2002, 2015).
8.8. Future perspectives
The future advances of seismic imaging of the Western Paciﬁc
and East Asian region depend on the progress in both seismic
instrumentation and methodology. The data coverage determines
the ﬁrst-order features of a tomographic result. At present, most
of the seismic stations are installed in the land areas, whereas
there are few stations in the Paciﬁc Ocean and the marginal seas.
Gradual deployment of seismometers in seaﬂoor and in those less
instrumented land areas will be the most important task for seis-
mologists from now (Zhao, 2012). Now a permanent OBS network
is in construction in the Tohoku and Hokkaido forearc region
(Uehira et al., 2013). Once it is available, it will provide crucial data
for clarifying the mechanism of megathrust earthquakes and
dynamic processes in the forearc region of eastern Japan. Installing
a dense permanent or portable OBS network in the marginal seas
(e.g., the East China Sea, the Japan Sea, and the Sea of Okhotsk) will
be necessary to resolve important geodynamic issues in subduc-
tion zones, such as the fate of subducting slabs, the structure and
dynamics in the BMW, the mechanism of deep earthquakes, and
the back-arc and intraplate magmatism. A joint use of the OBS data
and the land-based network data will result in much better tomo-
graphic images, which will greatly improve our understanding of
the structure and dynamics in Western Paciﬁc and East Asia.
The tomographic images shown above were mainly obtained
using body-wave travel-time tomography which is the most
straightforward, robust and mature tool that has produced many
more credible and geologically reasonable results than any other
tomographic methods. So far, however, most travel-time tomogra-
phy studies have used only ﬁrst P- and S-wave arrivals. From now,
a large number of later-phase data of reﬂected and converted
waves should be collected from three-component seismograms
by taking advantage of progresses in modern seismology, such as
waveform modeling (e.g., Helmberger et al., 2001; Abdelwahed
and Zhao, 2005, 2014). The later-phase data are very important
for improving the resolution of tomographic images (e.g., Zhao
et al., 2005, 2013; Salah et al., 2005; Lei and Zhao, 2006; Xia
et al., 2007; Sun et al., 2008; Gupta et al., 2009).
Most of the tomographic images obtained so far are P-wave
velocity tomography. In future studies, high-quality S-wave arriv-
als, surface-wave and waveform data from local and teleseismic
events recorded by the dense seismic networks in Japan, Korea,
China and other countries should be collected and used for seismic
imaging, thus high-resolution tomographic images of P- and S-
wave velocity (Vp, Vs), Poisson’s ratio, seismic attenuation (Qp,
Qs), and seismic anisotropy can be determined (e.g., Liu et al.,
2013a,b, 2014; Tian and Zhao, 2013; Wang et al., 2014; Zhao
et al., 2015), which will better characterize the 3-D structure and
subduction dynamics, in particular, the ﬂuid and magmatic pro-
cesses. In addition, ﬁndings of other branches of Earth sciences,
such as mineral physics and computer simulations, should be also
exploited for better interpreting the seismological results.
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